Acute and chronic exposure to arsenic has been reported in several countries of the world, with major outbreaks of arsenosis occurring in Argentina, Bangladesh, India, Mexico, Thailand, and Taiwan, where a large proportion of drinking water (groundwater) is contaminated with high concentrations of arsenic. Research has also pointed to significantly higher standardized mortality rates for cancers of the bladder, kidney, skin, liver, and colon in many areas of arsenic pollution. There is therefore a great need for developing a comprehensive risk assessment model that should be used in the effective management of health risks associated with arsenic exposure. With a special emphasis on arsenic toxicity and carcinogenesis, this paper aims at developing and presenting a conceptual risk assessment and management model. Using the National Academy of Science's risk assessment and management framework as a guide, all critical information has been analyzed and presented with respect to the health hazard, the sources and pathways of human exposure, the concept of the dose-response relationship in arsenic poisoning, the characterization of both systemic and carcinogenic effects, and the potential strategies to control and/or prevent arsenic poisoning.
Hazard identification
There are many case reports of death in humans due to ingestion of high doses of arsenic. The clinical manifestations of arsenic poisoning depend on the type of arsenical involved and on the duration of exposure. Symptoms of acute intoxication usually occur within 30 minutes of ingestion but may be delayed if arsenic is taken with food. In nearly all cases, the most immediate effects are severe nausea and vomiting, colicky abdominal pain, profuse diarrhea with rice stools, gastrointestinal hemorrhage and death may ensue from fluid loss and circulatory collapse. Drowsiness and confusion are often seen along the development of psychosis associated with paranoid delusions, hallucinations and delirium. Finally, seizures, coma and death, usually due to shock, may ensue [10] . Cardiac manifestations include acute cardiomyopathy, subendocardial hemorrhages, and electro-cardiographic changes. The pathological lesions described in patients with rapidly fatal arsenic intoxication are fatty degeneration of the liver, hyperemia and hemorrhages of the gastrointestinal tract, renal tubular necrosis, and demyelination of peripheral nerves [10] . Chronic exposure to arsenic affects the gastrointestinal tract, circulatory system, skin, liver kidneys, nervous system and heart. There is clear evidence from epidemiological studies that exposure to inorganic arsenic increases the risk of cancer [11] . When exposure occurs by the oral route, the main carcinogenic effect is increased risk of skin cancer. In addition to skin cancer, increased risk of other internal tumors (mainly of liver, kidney, lung, and bladder) have been reported with arsenic exposure [12, 13] . Table 1 presents a synopsis of clinical and pathological manifestations in acute and chronic arsenic poisoning [10] .
Experimentally, arsenicals are fetotoxic and teratogenic in laboratory animals [14, 15] . The common developmental effects seen include malformations of the brain, urogenital organs, skeleton, ear, as well as small or missing eyes. Generally, these are only seen at doses that also result in maternal toxicity. In vitro experiments with many arsenicals have shown that they are powerful clastogens in many cell types. Tests for genotoxicity have indicated that arsenic compounds inhibit DNA repair, and induce chromosomal aberrations, and sister chromatid exchanges [8] . There are also several epidemiological studies reporting an association between exposure to inorganic arsenic and increased risk of adverse developmental effects such as congenital malformations, low birth weight, and spontaneous abortion [15] .
Dose-response assessment
It has been demonstrated that the risk of arsenic intoxication increases as a function of exposure level and duration. The National Research Council of Canada reported that 9, 16 and 44% incidence of symptoms of arsenic poisoning are observed at drinking water arsenic concentrations of 50, 50-100, and >100 ug/L, respectively [16] . The frequencies of skin cancer associated with arseniccontaminated water have been reported by the U.S. EPA as 0.26% and 2.14% at 290 and 600 ug/L, respectively. Also, cancer risks of 10 Clinical and pathological manifestations of acute and chronic arsenic poisoning.
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been estimated for drinking water containing 0.022, 0.0022, and 0.00022 ug As/L, or for eating aquatic organisms living in contaminated water containing 0.175, 0.0175, and 0.00175 ug As/L [17] . In a study of cancer prevalence in patients treated with Fowler's solution (1% potassium arsenite concoction), a dose-response relationship was found between the ingested dose of Fowler's solution and the incidence of skin cancer. In patients who ingested 200 to 800 mL of Fowler's solution (1.6 to 6 g of arsenic), the prevalence of skin cancer was 5 to 10%, while patients treated with the Fowler's solution at an equivalent arsenic dose of 7.6 g had a prevalence of 20% [18] . A strong dose-response relationship between arsenic concentration in drinking water and skin cancer mortality has been documented in the endemic area of blackfoot disease in Taiwan. Similar correlations have been reported between arsenic levels in drinking water and age-adjusted mortality rates for cancers of the lung, liver, bladder, kidney, and colon [19] . Experimental studies have also reported a strong dose-response relationship between the level of arsenic exposure and the magnitude of adverse effects, both in vivo [20] and in vitro [21] .
Exposure assessment
A very large number of people are exposed to arsenic chronically throughout the world. Exposure to arsenic occurs via the oral route (ingestion), inhalation, dermal contact, and the parenteral route to some extent. For most people, the diet is the largest source of arsenic exposure, with an average intake of about 50 ug per day. Intake from air, water and soil are usually much smaller, but exposure from these media may become significant in areas of arsenic contamination. People who produce or use arsenic compounds in occupations such as nonferrous metal smelting, pesticide manufacturing and application, wood preservation, semiconductor manufacturing, or glass production can be exposed by substantially higher levels of arsenic [8, 10, 18, 19] . As stated earlier, different species of arsenic have different degrees of toxicity, with arsine and the trivalent arsenic causing the most injury [22] . In addition to the exposure route and the arsenic species involved, the toxicity also depends on the exposure dose, frequency, duration, the biological species, age, and gender, as well as on individual susceptibilities, genetic and nutritional factors [8, 16, 19] .
Risk characterization
A review of biological properties and toxic effects of arsenic indicates that this chemical is a systemic toxicant capable of causing a significant number of health effects including: cardiovascular disease, peripheral vascular disease, developmental effects, neurologic and neurobehavioral effects, diabetes, hearing loss, portal fibrosis of the liver, lung fibrosis, hematologic effects (anemia, leukopenia, and eosinophilia), and carcinogenic effects [2, 7, 8, 16, 19, 22] . Studies in Taiwan have reported that in areas where blackfoot disease is endemic, the standardized and cumulative mortality rates were significantly higher for cancer of the bladder, kidney, skin, liver, lung and colon. These studies have also pointed out that the lifetime risks for developing cancer due to an arsenic intake of 10 ug/kg/day were 0.012, 0.0043, 0.012, and 0.0042 in male residents for cancers of the lung, liver, bladder, and kidney, respectively [19] . The corresponding figures for female residents were 0.013, 0.0036, 0.017, and 0.0043 [19] . The International Agency for Research on Cancer, and the U.S. EPA classify arsenic in Group 1/A-known human carcinogens [23, 24] . The oral reference dose (RfD) is 3x10 -4 mg/kg/day, and the cancer potency factor is 1.75 (mg/kg/day) -1 [24] .
Risk management
Because of its high potential to cause adverse effects in exposed persons, a number of regulations and guidelines have been established for various inorganic and organic forms of arsenic by international, federal, and state agencies. In 1976, the permissible limit for arsenic in drinking water (maximum contaminant level) was fixed at 50 ug/L [25] . In 1999, the National Research Council of the National Academy of Science recommended a standard of 10 ug/L [26] ; a standard that has just been adopted by the Bush Administration. The World Health Organization=s tolerable daily intake for inorganic arsenic is 2 ug/kg BW [27] . The action level for arsenic in the air is 5 ug/m 3 . The permissible exposure limit-total weighted average (PEL -TWA) is 10 ug/m 3 for inorganic arsenicals, and 500 ug/m 3 for organic arsenicals [28] . British Anti-Lewisite (BAL or 2,3-Dimercaptopropanol) has been used to treat acute dermatitis, and the pulmonary symptoms associated with arsenic exposure. However, because of the side effects associated with BAL, other agents such as sodium 2,3-dimercapto-1-propane sulfonate (DMPS or Dimaval), and dimercaptosuccinic acid (DMSA) are being tested for the chelation therapy of arsenic poisoning [8, 16] . The atomic absorption spectrophotometry (AAS) appears to be the most common analytical method used for arsenic analysis; more sophisticated techniques, however, such as HPLC-FGAAS, and ICP-MS, are highly valuable when arsenic speciation is required [7] . Removal of arsenic from drinking water by appropriate technologies is one of the most important control and management strategies. Several treatment methods including chemical precipitation (coagulation processes), ion exchange, reverse osmosis/electrodialysis, use of activated alumina or carbon, and oxidation, have therefore been recommended for arsenic removal in water [29] .
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In conclusion, arsenic poisoning appears to be one of the major public health problems of pandemic nature. The development of a comprehensive risk assessment and management model for arsenic requires a thorough understanding of its physical and chemical properties, production and use, fate and transport, toxicokinetics, systemic and carcinogenic health effects, regulatory and health guidelines, analytical guidelines and treatment technologies. A comprehensive analysis of published data indicate that arsenic exposure induces cardiovascular diseases, developmental abnormalities, neurologic and neurobehavioral disorders, diabetes, hearing loss, heamatologic disorders, and various types of cancer. There exist various sources of exposure. Although exposure may occur via the dermal, and parenteral routes, the main pathways of exposure include ingestion, and inhalation. The severity of adverse health effects is related to the chemical form of arsenic, and is also time-and dose-dependent. From a management point of view, several control and treatment technologies, as well as regulatory guidelines have been developed to address the issue of arsenic toxicity and carcinogenesis.
